SUMMARY
The functional variety in neuronal composition of an adult brain is established during development. Recent studies proposed that interactions between genetic intrinsic programs and external cues are necessary to generate proper neural diversity [1] . However, the molecular mechanisms underlying this developmental process are still poorly understood. Three main subtypes of Drosophila mushroom body (MB) neurons are sequentially generated during development and provide a good example of developmental neural plasticity [2] . Our present data propose that the environmentally controlled steroid hormone ecdysone functions as a regulator of early-born MB neuron fate during larval-pupal transition. We found that the BTB-zinc finger factor Chinmo acts upstream of ecdysone signaling to promote a neuronal fate switch. Indeed, Chinmo regulates the expression of the ecdysone receptor B1 isoform to mediate the production of g and a 0 b 0 MB neurons. In addition, we provide genetic evidence for a regulatory negative feedback loop driving the a 0 b 0 to ab MB neuron transition in which ecdysone signaling in turn controls microRNA let-7 depression of Chinmo expression. Thus, our results uncover a novel interaction in the MB neural specification pathway for temporal control of neuronal identity by interplay between an extrinsic hormonal signal and an intrinsic transcription factor cascade.
RESULTS AND DISCUSSION
Establishment of proper neuronal identity and morphology depends on the interactions between cell intrinsic changes in gene expression and responses to external cues. Emerging evidence indicates that environmental conditions directly contribute to neuronal development through regulation of transcriptional networks in progenitors and post-mitotic neurons [1] . In Drosophila, the mushroom bodies (MBs) are symmetric neuropiles essential for learning and memory [3] . They are composed of four main types of neurons (g, a 0 b 0 , pioneer ab, and ab) sequentially generated during development by the same four stem cells per brain hemisphere. Early-born g and a 0 b 0 neurons arise during embryonic and early larval stages, or during late larval stages, respectively. Late-born pioneer ab (p. ab) and ab neurons are generated during early metamorphosis [2] . These functionally distinct types of MB neurons display characteristic adult axonal projections: ab, p. ab, and a 0 b 0 neuron axons bifurcate to produce dorsal and medial branches, while g larval medial and dorsal axonal branches are pruned during early metamorphosis and replaced by a single adult branch extending medially [2] . The temporal switch toward late-born MB neuron fate is promoted by steroid-inducible microRNA (miRNA) let-7 driven downregulation of the Chronologically inappropriate morphogenesis (Chinmo) BTB-Zinc finger protein during metamorphosis [4, 5] . In insects, the steroid hormone ecdysone and its nuclear ecdysone receptors (EcRs) control developmental timing and progression. Ecdysone production and release are in turn related to nutrient conditions and growth. For instance, the initiation of metamorphosis is correlated with the achievement of a critical weight and release of ecdysone [6] [7] [8] . Hence, ecdysone represents a key factor in mediating the interactions between intrinsic timing programs and environmental influences during animal development. Interestingly, the ecdysone peak at the beginning of puparium formation [8] coincides temporally with the switch in cell fate from early-to late-born MB neurons and perturbation of ecdysone signaling yields morphological defects in ab MB axon lobes similar to those observed in let-7 mutant flies [9] . We thus tested whether ecdysone is required as an external cue to control the switch in MB neuronal identity.
To address the potential role of ecdysone signaling in temporal identity determination of MB neurons, we expressed a dominant-negative form of the EcR (EcR-DN) [10] together with membrane tagged-GFP (mGFP) specifically in all MB neurons using the GAL4-OK107 driver. We additionally immuno-labeled endogenous Fasciclin II (FasII), which in the adult MB strongly marks the ab lobes and weakly the g lobes. In control adult brains, two dorsal lobes (a 0 and a) and three medial lobes (g, b 0 , and b) can be distinguished ( Figure 1A ). In contrast, after expression of EcR-DN in MB neurons we only observed the presence of two enlarged dorsal and medial lobes at the location of ab projections ( Figure 1B) , suggesting the loss of g and a 0 b 0 axonal lobes. One hypothesis that could explain the observed presence of only two and distinctly FasII-positive lobes is a defect in cell proliferation and/or survival of MB neurons [11] . This seemed unlikely, as control and EcR-DN MBs harbored the same number of MB neurons marked by the GAL4-OK107 driver ( Figures 1C-1E) . Alternatively, the absence of g and a 0 b 0 axonal lobes upon Current Biology 27, 3017-3024, October 9, 2017 ª 2017 Elsevier Ltd. 3017 1G ). More surprisingly, though, we found a significant reduction in the number of g neuron cell bodies revealed by LexA-GMR22B09, a g neuron-specific driver ( Figures 1H-1J ). Thus, ecdysone signaling in addition to driving neuronal remodeling might be regulating neuronal fate. Nonetheless, the loss of a defined MB lobe and the diminished number of identifiable cell bodies were not limited to g neurons. In fact, the a 0 b 0 axonal lobes were strikingly reduced, while the amount of axonal projections from the ab-core subset of ab neurons was increased in EcR-DN brains, as revealed by MB neuron subset-specific lexA driver lines (Figures 1K and 1L, and 1P and 1Q). Quantification of a 0 b 0 and ab-core cell numbers revealed that the modifications in the axonal lobes were associated with a loss of a 0 b 0 and, conversely, an increase of ab-core neurons in EcR-DN brains (Figures 1M-1O and 1R-1T). These results suggested a role for ecdysone signaling in regulating MB neuron fate. In addition, EcR-DN MBs of wandering third-instar larval (WL3) did not show gross axonal projections defects or changes in MB cell identity ( Figure S1 ), suggesting that ecdysone signaling is dispensable for the normal morphogenesis and fate of MB neurons before puparium formation.
To reduce ecdysone signaling cell-autonomously in the MB neurons and to analyze the effect on the MB neuron subsets independently of specific lexA driver expression, we generated MB neuroblast MARCM (mosaic analysis with a repressible cell marker [13] ) clones mutant for the ecdysone co-receptor ultraspiracle (usp) [14] . When these neuroblast clones were induced in newly hatched larvae (NHL) targeting all the three MB neuron subsets, the adult g lobe was absent ( Figures S2A-S2C ). usp mutant neuroblast clones induced at mid-third-instar stage to target specifically the a 0 b 0 and ab MB subpopulations showed a loss of the a 0 b 0 axonal lobes ( Figures S2D-S2F ). These data confirmed that ecdysone signaling is required to define the temporal identity of g and a 0 b 0 MB neurons.
The Chinmo protein is abundant in early-born neurons, decreases at WL3 stage, and is absent in young pupae [4] . We found that blocking ecdysone signaling in MB neurons did not perturb Chinmo expression in larval MB neurons at WL3 stage (Figures 2A-2C and S3A-S3B 0 ), suggesting that ecdysone signaling is dispensable for the normal expression of Chinmo in the MB before puparium formation.
The EcR-B1 isoform can be detected in MB neurons starting from the late L3 phase, and its protein level rises at the prepupal stage [15] . Surprisingly, EcR-B1 expression is not only restricted to g neurons but is also found in a 0 b 0 neurons at the end of WL3 and until 18 hr (H) after puparium formation (APF) (Figures 2D and  2E ). Since the peak of EcR-B1 expression coincides with phases of identity transition of early-born MB neurons, we addressed whether Chinmo may control temporal identity by modulating the expression of EcR-B1 during larval to pupal transition.
First, using MARCM, we found that the expression of endogenous EcR-B1 ( Figures 2F and 2F 0 ) was abolished in chinmo 1 mutant clones at WL3 ( Figures 2G and 2H ). Consistent with this result, we detected axonal pruning defects in chinmo 1 MB g neuron mutant clones at 18H APF ( Figures 2I and 2J ). These defects are similar to those observed upon blocking ecdysone signaling [10, 14] and are rescued by restoring EcR-B1 expression in the MB neurons ( Figures 2K and 2L) . Hence, Chinmo positively regulates EcR-B1 expression in early-born MB neurons and via EcR-B1 controls pruning in g neurons. Given the putative role for Chinmo in transcriptional activation [4] , we induced ubiquitous downregulation of Chinmo expression and asked whether this affected EcR transcripts levels. We found a significant reduction of EcR transcripts at the WL3 stage ( Figure 2M ), suggesting that Chinmo could be involved in the transcriptional control of the EcR gene.
Second, we established that the loss of g and a 0 b 0 neurons observed in chinmo 1 mutant clones was rescued upon expression of EcR-B1 (Figure 3) . Thus, Chinmo governs the temporal specification in early-born MB neurons through the EcR-B1 receptor. Indeed, while Chinmo is necessary for EcR-B1 expression, it seems to be dispensable downstream of ecdysone signaling for MB neuronal fate.
Chinmo was suggested to negatively control the temporal identity transition from a 0 b 0 to p. ab MB neurons in a dose-dependent manner. Indeed, removing just one copy of chinmo led to an increased number of p. ab neurons ( Figure 4A ) [4] . Although flies heterozygous for EcR did not show significant alterations in the number of p. ab neurons, reducing the dosage of EcR in chinmo heterozygous flies restored the normal number of p. ab neurons ( Figure 4A ). These results indicate that, although ecdysone signaling is dispensable for Chinmo expression during larval stages, it might control the decrease of Chinmo protein level via a negative feedback signal at prepupal stage to promote the fate transition from a 0 b 0 to ab MB neurons. We thus tested whether Chinmo expression was altered in MB neurons upon blocking EcR signaling. The Chinmo protein is normally absent in the adult MB neurons ( Figures 4B, 4B 0 , S3C, and S3C 0 ). In contrast, we detected endogenous Chinmo protein in adult MB neurons when EcR signaling was abolished ( Figures 4C, 4C 0 , S3D, and S3D 0 ). However, the ectopic Chinmo expression was excluded from adult g neurons expressing EcR-DN ( Figures  S3E and S3F ). These data support a role for ecdysone signaling in the negative regulation of Chinmo expression during a 0 b 0 to ab MB transition. In agreement with these results, recent work from Syed and colleagues [16] proposed a similar ecdysone-dependent negative regulation of chinmo expression in mid-larval neuroblasts.
The decrease of Chinmo expression at the prepupal stage is correlated with the onset of the EcR-inducible microRNA (miRNA) let-7 expression and let-7 negatively regulates Chinmo in MB neurons during the larval-pupal transition [5] . Using the let-7-Cp 12.5kb ::LacZ reporter, let-7 expression was revealed in post-mitotic MB neurons starting at the white pre-pupa stage and its expression level increased during metamorphosis [5] . We found that upon blocking EcR signaling in MB neurons Figures 4F-4G  0 ) . These findings indicated that let-7 contributes to the feedback regulation between EcR-B1 and Chinmo.
Taken together, our data indicate that ecdysone signaling governs developmental temporal switches in MB neuronal celltype identity during the larval-pupal transition in a two-stage process. First, the BTB-Zinc finger protein Chinmo controls MB neuronal identity via induction of EcR-B1 expression, thus enabling MB neurons to respond to the environmentally timed ecdysone signal. Second, EcR signaling in turn inhibits Chinmo expression via let-7 miRNA to promote the early-to late-born MB neuronal fate transition ( Figure 4H ). The results presented here support a mode of temporal specification in which the identity of MB neurons is not exclusively determined by the intrinsic timing of sequential expression of transcriptional regulators but also depends on external cues. We thus put forward the idea that ecdysone couples cell-fate specification to developmental timing. Future functional studies will shed light on how the coordinated control during development of neuronal fate specification by external cues and intrinsic factors influences adult animal behavior. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly strains Flies were raised on standard diet at 18 C for the EcR-DN expression experiments, at 29 C for RNAi experiments, and at 25 C for all other experiments. qRT-PCR LacZ-RNAi or Chinmo-RNAi were driven under the control of Actin5C promoter. Five independent total RNA extractions were performed starting from single WL3 larvae for each condition. RNA was isolated using TRIzol Reagent (Ambion) and DNase treated with the DNA-free kit (Ambion). cDNA was generated with SuperScript III (Qiagen). qRT-PCR analysis was performed in 20 mL reactions containing Power SYBR Green PCR Master Mix (Biorad). Fold changes were averaged and calculated relatively to the expression of rp49 and actin.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Fisher's exact test was performed in Microsoft Excel for Mac 2011. Unpaired two-tailed t test and one-way ANOVA test were performed using GraphPad Prism software.
DATA AND SOFTWARE AVAILABILITY
The following can be found in Mendeley Data at http://dx.doi.org/10.17632/x6xdc297bc.3: Figure S5 . Expression of the EcR-B1 Isoform at Larval Stages in MB Neurons Figure S6 . The GAL4-c305 Driver Is Specifically Expressed in Developing a 0 b 0 MB Neurons Figure S7 . Misexpression of MicroRNA Let-7-C Blocks EcR-B1 Expression
